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INTRODUCTION 
Previous Use of the Seismic Refraction Technique 
in Iowa 
The seismic refraction technique has been used sparingly in Iowa. 
Recently it was employed for deep crustal studies under the direction of 
the Geophysics Department of the University of Wisconsin. However, the 
use of the seismic refraction technique for shallow subsurface investi­
gations has not been reported in the literature. 
Scope of Investigation 
The purpose of this investigation is evaluation of the seismic re­
fraction technique as a means for solving geologic problems in a glaciated 
terrain underlain by sedimentary strata. In principle, seismic refrac­
tion data are well suited for locating buried bedrock valleys and shallow 
geologic structures. 
Where conventional field mapping is impractical and geological con­
trol obtained from well logs is lacking, the geophysical methods for sub­
surface investigation become necessary. Glacial drift and alluvium 
form a veneer over the bedrock surface in most of Icwa. For example in 
southwest Iowa, Pleistocene deposits reach a maximum thickness of 500 
feet while bedrock exposures are fewer than one per ten square miles 
(Sendlein et a^. 1968). 
In recent years a variety of inexpensive portable seismic refraction 
units have become available (Stam, 1962). While existing subsurface data 
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for Iowa do not generally provide sufficient geologic detail, seismic 
surveys can now provide geologic information at the lowest possible cost. 
Seismic refraction data are relatively easy to obtain. A small ex­
plosive charge is detonated a few feet beneath the surface and the ar­
rival time of the first shock wave is recorded by detectors which are 
located at various distances from the explosion. The detector or 
geophone is a bar magnet which is surrounded by a copper coil. The coil 
is free to oscillate along a vertical axis and the. magnet is anchored to 
the housing of the geophone. The arriving shock wave causes the coil to 
oscillate in the field of the magnet, thereby generating an alternating 
electric current. This current passes through a communications cable to 
a recording unit where it is amplified and sent to a galvanometer. A 
light beam on the end of the galvanometer reflects off a mirror into a 
camera. Simultaneously a 100 cycle per second oscillator causes a narrow 
slit of light to emerge from a flash unit every 0.01 second. This light 
also reflects off the mirror into the camera. A micro switch detonates 
the explosive and sends a signal to a time break galvanometer at the same 
instant. Some portable seismic refraction units are capable of recording 
the signals from twelve detectors for each recording. The resulting 
photograph is used to construct a time-distance graph (Figure 1). 
The time-distance graph defines the number of seismic discontinui­
ties that can be observed. The slopes of the plot are the reciprocals of 
velocity of seismic wave propagation in each of several layers. In order 
for each layer tb ue observed on the time-distance graph it must have 
Figure 1. Seismogram and time-distance graph 
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adequate thickness and seismic waves must propagate through it faster 
than through the layer immediately above it. 
Figure 2 is a schematic of a simplified seismic model that is based 
on the time-distance graph of Figure 1. The existence of the 11600'/s 
layer is debatable because considerable statistical uncertainty is indi­
cated by the broad confidence interval. A surficial low velocity layer 
is indicated by the intercept of the initial straight-line segment with 
the time axis. The geophone spacing employed did not permit the measure­
ment of its velocity. The precision of depth calculations depends in part 
on reliability of the velocity determinations. 
Location 
The region selected to test the capabilities of the method was in 
the northeast quarter of Story County, Iowa. The study area is in the 
southern halves of Lafayette and Howard Townships and the northern halves 
of Franklin and Milford Townships. Ames, Iowa lies immediately to the 
south, (Figure 3). 
Acknow1edgments 
This project was financed in part by the U.S. Army Corps of Engineers. 
The Corps also provided technical assistance and bore hole data from the 
vicinity of the Ames Reservoir dam site. 
Private corporations donated seismic equipment that was used in the 
investigation. Special recognition is given to Mr. L. E. Reilly, Chevron 
Oil Company, Geophysical Division, who arranged for the donation of four 
Figure 2. Simplified seismic model 
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24 conductor seismic cables that were 1500 feet long, and to Mr. Jack 
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A sonic logging device, the James V-Scope, was made available through 
the efforts of Professor J. M. Hoover of the Civil Engineering Department, 
Iowa State University. This instrument was used to measure sonic veloci­
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Dr. L. V. A. Sendlein helped in the preparation of the manuscript 
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REVIEW OF LITERATURE 
Seismic Refraction Theory 
Wave energy changes direction or refracts whenever it crosses a 
boundary between media which transmit at different velocities. The travel 
path of the energy may be defined as a unique path along which the travel 
time is a minimum. This concept is known as Fermât's Principle or the 
Principle of Least Time, (Slotnick, 1959, p. 74). Snell's Law is derived 
by Slotnick from the Principle of Least Time and it is expressed by 
the equation: 
The terms i and r are angles of incidence and refraction of the travel 
path with respect to the boundary normal. Vj and V2 are velocities on 
the incident side and the refraction side of the boundary respectively. 
In the important special case where r = 90°, Sin (i^) = ^1/^2' Tb® 
term i^ is called the critical angle of incidence. At angles of inci­
dence greater than i^ the incident wave is totally reflected. Snell's 
Law and elementary trigonometry are used to derive two fundamental 
equations of seismic refraction theory (Nettleton, 1940, pp. 249-254). 
Suppose strata consist of one horizontal low velocity (V^) layer 
underlain by one high velocity (V2) layer. The thickness Z of the low 
velocity layer is given by the equation: 
Sin (i) ^  Vi 
Sin (r) V2 
(1 )  
(2) 
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where is the horizontal distance from the origin of a time-distance 
graph (Figure 4) to the intersection of the functions whose slopes are 
l/Vj and I/V2 respectively. The above equation is known as the critical 
distance formula for depth calculation. 
If strata consist of n horizontal layers of thicknesses , Z2,...Zn 
of successively increasing velocities V^, V2, (the simplified 
seismic model, Figure 2) the thickness of each layer of uniform velocity 
is given by the equation: 
z„ = [T„.i 
2 V2'Vn+l 
'~2 "2 
..2Zn+l VVn+l:^n ] (3) 
Vn_l'Vn+l 
is the intercept of the function whose slope is 1/V^^^^ with the 
ordinate (time) axis of a time-distance graph (Figure 1). This equation 
is referred to as the time intercept formula for depth calculation. 
Calculations of depth by the seismic refraction method must be highly 
qualified for a number of reasons, (Nettleton, 1940, p. 255). Velocity 
does not necessarily increase with each successively deeper layer. Also, 
the velocity and thickness relationship must be such that there is a seg­
ment of the time-distance curve associated with each layer. Some layers, 
called blind zones, are too thin to be represented by segments of the time-
distance graph. Finally the step-by-step calculation of successively 
deeper layers tends to accumulate and multiply small errors produced in 
Figure 4. Time-distance graph, two layer case 
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each preceding step. Therefore, depths to deep layers are more subject 
to large errors in comparison with depths to shallow layers. 
Depth formulae for inclined layers and surfaces are also available 
(Nettleton, 1940, pp. 266-272). They are of the same general form as the 
formulae for horizontal layers. 
Recent Practice in Seismic Refraction Surveys 
Field procedure 
The objective in laying out a seismic refraction spread is to obtain 
a time-distance graph with an adequate number of points to describe all 
refractors of interest, (Griffiths and King, 1965). The realization of 
this objective depends upon careful selection of geophone spacing and 
total line length to suit a particular set of geologic conditions. Thus 
no standard procedure exists for the collection of seismic refraction data. 
Geologic conditions change in unexpected ways so that a constant geophone 
spacing and spread length may not be desirable. 
As a matter of convenience, however, a constant geophone spacing has 
emerged in prospecting for buried bedrock valleys. Warrick and Wins low 
(1960) used spread lengths between 1150 feet and 1400 feet long and twelve 
geophones were placed at 100 foot intervals. The distance from the shot 
hole to the nearest geophone varied between 50 feet and 300 feet. Where 
the bedrock surface proved to be unexpectedly deep the refraction spreads 
were too short. Although 2400 foot refraction spreads may have been ap­
propriate the reflection method was employed in such cases. Lennox and 
Carlson (1967) used 1800 foot spread lengths with approximately 170 foot 
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intervals between geophones. In both of the above surveys no substantial 
modifications in procedure developed after an initial experimental period. 
An investigator's principle interest traditionally lies in the design of 
a spread length that is sufficiently long to observe a high speed layer. 
Data processing 
The choice of method for calculating thickness appears to be a matter 
of personal preference. Lennox and Carlson (1967) used the critical dis­
tance method whereas Warrick and Winslow (1960) used the time-intercept 
method. Where the terrain was rough or the velocity boundaries were 
sloping, modified computing procedures were employed which took these 
factors into account. 
Geophysicists who are currently analyzing seismic refraction data 
are not using statistics to its full potential. According to Steinhart 
and Meyer (1961) linear regression has been widely employed to find the 
most probable slopes and their intercepts on a time-distance graph. 
Steinhart and Meyer also state that although uncertainties are occasional­
ly computed for velocity data, they are rarely computed for intercept 
times, critical distances, and depths to various velocity discontinuities. 
Dix (1952, p. 275) considers the calculation of depth uncertainties to be 
a serious responsibility of the investigator. Since Steinhart and Meyer's 
article was published, a number of contributors have presented shallow 
seismic refraction data in various geophysical journals. None of these 
recent articles mentions the use of statistics. Because the final results 
were not reported with statistical uncertainty it can be assumed that 
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statistics were not employed. 
Failure to investigate and discuss statistical uncertainty permits 
the acceptance of conclusions that may in fact be erroneous. Hinze et al. 
(1964) and Lennox and Carlson (1967) display time-distance graphs with 
straight lines passing through three points, one of which was the origin. 
The statistical uncertainty of the slope in these examples is plus or 
minus infinity because the author has no right to assume that the straight 
line actually passes through the origin. Indeed, the function may not be 
a straight line at all. Duguids (1968) study represents the extreme case, 
for he interpreted a straight line passing through a single point for 
which the statistical uncertainty is plus or minus infinity. Lennox 
and Carlson attempted to distinguish between a glacial till and a bed­
rock surface on the basis of seismic waves that were presumably propa­
gated at 5400 feet per second and 6400 feet per second respectively. An 
alternate interpretation suggests the presence of a single layer that 
propagates seismic waves at a speed of 5900 feet per second. From a 
statistical point of view both interpretations have nearly the same chance 
of being correct because their uncertainties are approximately equal. 
WooUard and Hanson (1954, p. 145) suggest the manner in which equally 
likely interpretations can be resolved. Geophones are spaced at shorter 
intervals and a second seismic recording is made. One or the other in­
terpretation can usually be chosen on the basis of statistical uncertainty. 
If a layer is too thin to be represented on the time distance plot, a 
blind zone is present and uncertainty in depth calculations cannot be 
determined by statistical methods. Because blind zones remain undetected 
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on time-distance graphs their actual presence is speculative. Green 
(1962) assigned "dummy" velocities to blind zone layers and calculated 
their maximum thickness. Thus it is possible to place limits on the 
depth to a given interface but the uncertainty cannot be determined. 
Statistical uncertainty is correct only in the complete absence of a blind 
zone. Perhaps this is the reason why investigators have been reluctant 
to use statistical uncertainty in spite of the suggestions of Dix (1952) and 
Steinhart and Meyer (1961). ]f statements are made with respect to statistical 
uncertainty, they should be qualified by the effect of blind zones. 
The blind zone may be investigated by burying an explosive charge 
sufficiently deep so that the graph of the first breaks will contain re­
fractions from the blind zone (Soske, 1959). In many cases the first 
significant blind zone will be the bedrock surface. A test hole should 
be drilled to bedrock wherever blind zones might be present. If the bed­
rock depth proves to be unexpectedly shallow in comparison to the predic­
tion from seismic refraction calculations, the presence of a blind zone is 
confirmed. The velocity of seismic waves through the blind zone can be 
determined by setting an explosive charge at the bedrock surface. Re­
fractions along the bedrock interface will be received as first arrivals 
if an array of geophones is placed on the surface a short distance from 
the shot hole. The measured velocity can be used as a "dummy" velocity 
for calculating the maximum thickness of the blind zone at other locations. 
Although it does not provide absolute answers, the above procedure removes 
much of the speculation with regard to blind zones. 
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Steinhart and Meyer (1961) consider the statistical uncertainty in 
the results of depth calculations as the minimum uncertainty. Any de­
parture from the simplified seismic model such as a blind zone or velocity 
reversal will increase the uncertainty. 
Snedecor and Cochran (1967) provides standard statistical methods 
for determining the most probable slope and intercept for each straight 
line segment of a time-distance graph. The unbiased estimator of the 
slope or reciprocal velocity (b) is given by equation 4: 
n n n 
, _ 2 X;.Yi - 2 X,-.2 Yj/n 
°  -  1  1 ^ 1  
no ^ o 
2 XT. - (2 Xi)^/n 
1 ^ 1 
where X^ is the distance from the shot point to the i^^ geophone of a 
given straight line segment of the time-distance graph, Y^ is the arrival 
time of energy that strikes the i^^ geophone, and n is the number of geo-
phones in the above straight line segment. The time intercept estimator 
(a) is given by equation 5: 
n " 
2Y.- h2Xi (5) 
a = ^ ^ 
n 
where the symbols have the same meaning as in equation 4. Both the slope 
and intercept can be calculated directly from data on the seismogram. 
The statistical uncertainties of the slope and intercept are also 
given by Snedecor and Cochran (1967, p. 171). The mean square deviation 
2 
from regression (Sy . x) is given by equation 6: 
- \.ij A., .y . y / ij A. 
Sy.x^ = ^ (6) 
n-2 
where = j ~ - and Xj^ = |~~ - Xjj. • The sample standard 
deviation of the regression coefficient or slope (S^) is given by equation 
Sb = Sy.*: 2 =1= (7) 
and the sample standard deviation of the Y or time intercept (S^) is 
given by equation 8: 
\2 
S_ = S 
The confidence interval for the real value of the slope (B) is given by 
equation 9: 
B = b - Sb-V2 C9) 
where t^_2 is the Student's "t" value with n-2 degrees of freedom. The 
confidence interval for the real value of the Y or time intercept (A) 
is given by equation 10: 
A = a - Sa.t^_2 * (10) 
A Student's t-distribution table (Snedecor and Cochran, 1967, p. 549)gives 
a list of t^ 2 values for any combination of desired probability and n-2 
degrees of freedom. 
Steinhart and Meyer (1961) derived equations that calculate the un­
certainty in depth to various seismic interfaces. Depth uncertainties 
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can be calculated for the critical distance or time-intercept methods and 
for horizontal or sloping seismic interfaces. Depth uncertainty equations 
were derived by the Taylor expansion method. This treatment is highly 
sophisticated but it must be remembered that the results give only the 
minimum statistical uncertainty. The accuracy of uncertainty calculations 
depends on how well the seismic model fits the real seismic conditions. 
IBM computers are used for most seismic refraction data processing. 
Prior to the time that computers came into use calculations were very 
tedious. It is now possible, however, to analyze accurately voluminous 
seismic refraction data in a few seconds of computer time. 
Geology of the Ames-Roland Area 
The Iowa State University Department of Earth Science has conducted 
investigations into various aspects of the geology of Story County for 
many years. Backsen and Sendlein (1966) and Sendlein and Dougal (1968) 
compiled the geological data available from these sources. 
The bedrock geology map of the Ames-Roland area (Figure 5) (Backsen 
and Sendlein, 1966) reveals two features that are important considerations 
in the seismic investigation. While the map is based on a limited amount 
of geologic control, it is the best available source of information at 
the present time. The axial trace of the Ames-Roland anticline strikes 
north-northeast and roughly parallei to the Skunk River between its con­
fluence with Keigley Branch and Ames. Northeast of the mouth of Keigley 
Branch the axial trace coincides with the position of Bear Creek where 
Figure 5. Bedrock geology map of the Ames-Roland area 
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bedrock exposures are plentiful. The northwest and southeast flanks are 
estimated by Zimmerman (1952) to dip 55 and 100 feet per mile respectively. 
Scattered well locations provide subcrop data along drainage divides. 
The bedrock surface lies beneath glacial drift except where it is exposed 
in stream beds and along valley walls. Hence the subcrop pattern indi­
cates the positions of ancient valleys that are now filled with glacial 
drift. One such buried valley exists parallel to and slightly west of 
the modern Skunk River Valley. The accurate location of the Ames-Roland 
anticline and of the buried bedrock valley are principle objectives of 
the present seismic investigation. 
The stratigraphie position of the subcropping rock varies more than 
100 feet. Glacial drift rests upon both Pennsylvanian and Mississippian 
rock (Zimmerman, 1952). The Pennsylvanian subcrops are limited to the 
Cherokee group of the Des Moines series whereas most Mississippian subcrops 
belong to the St. Louis and Warsaw formations of the Osage-Meramec series. 
There are isolated Keokuk and Burlington subcrops in the area according to 
well data on file at the Iowa Geological Survey. Therefore the strati-
graphic position of the subcrop may lie anywhere within the Osage-Meramec 
and perhaps as high as the lower part of the Des Moines series (Figure 6). 
Zimmerman (1952) has measured a maximum of 25 feet of exposed Cherokee 
group, a composite section of the St. Louis formation which is 30 feet 
thick, and a composite section of the Warsaw formation which is 51 feet 
thick. The Keokuk and older formations apparently are not exposed in 
the area. 
Zimmerman provided a complete description of the lithology ol the 
Figure 6. Stratigraphie column for the Ames-Roland area from the 
Rinderhook series to the surface 
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stratigraphie section from the Warsaw formation to the Cherokee group. 
All these formations contain interbedded shale, sandstone, and argillaceous 
to cherty dolomite. The lower 18 feet of the Cherokee group is a friable, 
well sorted sandstone with locally prominent cross-bedding. The St. 
Louis and Warsaw formations are arbitrarily separated lithologically by 
two 5 to 7 feet thick layers of sandstone and shale. The shale is con­
sidered to be the top of the Warsaw formation whereas the sandstone 
identifies the base of the St. Louis formation. Except as noted above 
argillaceous dolomite with localized chert zones and thin shale seams 
predominates in both the Warsaw and St. Louis formations. 
Backsen (1963) in describing the Pleistocene stratigraphy, recognized 
three glacial drift units. The lower unit is separated from the inter­
mediate unit by approximately 40 feet of sand and gravel whereas the inter­
mediate and upper units are separated by 0 to 60 feet of silt. Where the 
lower unit is locally absent sand and gravel rest directly on the bedrock 
surface. The boundary between the intermediate and upper drift units can 
be recognized even where the silt unit is missing; the upper 25 feet of 
the intermediate unit is oxidized while the lower part of the upper unit 
is unoxidized. 
The geology of the Ames-Roland area is typical of the geology of Iowa. 
Flat-lying to gently folded paleozoic sediments are exposed or lie at 
shallow depth over the entire state except in the extreme northwest corner 
where the pre-Cambrian Sioux quartzite is exposed. Glacial drift covers 
most of Iowa with the exception of eastern and southeastern areas where it 
has been deeply eroded. Thus any subsurface exploration techniques that 
are applicable to the Ames-Roland area are useful over large regions of 
Iowa as well. 
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PROCEDURE 
Data Collection 
Instrumentation 
The Geo Space Corporation GT-2A portable seismic refraction instrument 
is convenient and inexpensive to use. Its purchase price was $5500 in 1965 
and the maintenance cost has averaged $175 per year during the first two 
years of operation. The instrument requires no special training to operate, 
is self-contained, weighs 30 pounds and fits easily into the front seat 
of a compact car. Polaroid film is used to record the shot. This eliminates 
the need for elaborate developing equipment and data storage facilities, and 
makes a permanent record available ten seconds after the shot is detonated. 
A brief description of the internal components illustrates the instru­
ment's simplicity. There are twelve seismic channels and a time-break 
channel. Each channel consists of a printed circuit patch board amplifier 
and a recording galvanometer that can be replaced easily. Three power sup­
plies are mounted inside the frame. One is a 90 volt silver chloride bat­
tery that is used as a blaster. The other power supplies are racks of eight 
1.5 volt flashlight batteries that are connected in series. One rack pro­
vides power for the amplifiers while the other furnishes power for 1) a 
flash unit that provides timing lines, 2) galvanometer lights, and 3) a 
small motor that rotates a mirror for reflecting light from the galvanometers 
and flash unit into the camera. The expJosive is detonated in synchroniza­
tion with the recorder by means of a cam that is mounted on the end of the 
rotating mirror. The cam actuates a switch that closes the blaster circuitry 
as light from the galvanometers is reflected into the camera. 
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Timing lines are provided by a circuit that consists of an oscillator, 
a flash unit, and a lamp. The oscillator provides a 100 cycle per second 
sine wave. As the voltage fluctuates above and below a minimum threshold 
value the flash unit alternately opens and closes the circuit to the lamp. 
Thus the lamp flashes momentarily once every 0.01 seconds. This light 
emerges from the lamp through a shield with a long narrow slit and it is 
reflected off a series of mirrors and brought to a line focus on the film. 
The duration of the recording is controlled by changing the speed of 
the motor that rotates the mirror. While the length of the record does not 
change, the space between timing lines and thus period of recording is 
varied. If the motor rotates slowly the timing lines are closely spaced. 
Three choices of record duration are available by means of a switch that is 
mounted on the instrument panel. Ordinarily the choices of duration are 
0.2, 0.3 and 0.4 seconds but other choices are available by making adjust­
ments to three separate reostats inside the case. The duration of the re­
cording is limited because the timing becomes too crowded and the timing 
accuracy is reduced. Figure 1 illustrates a 0.3 second setting. 
The Polaroid recording camera has its limitations but it is convenient 
to use. The duration of the recording is restricted by the size of the 3" 
by 5" print. On the other hand, the recording can be developed in ten seconds. 
Also the prints are easy to read and they can be stored conveniently in a 
card file. 
Trial records were occasionally made in order to assure proper function­
ing of the instrument. Figure 7 is a sample record that indicates the 
alignment of galvanometer lights and measures the time delay between the 
Figure 7. Time break delay and alignment test 
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appearance of the time break signal and the actual detonation of the blast­
ing cap. The cap detonates two to four milliseconds after the blaster cir­
cuit is closed. The cap delay time is obtained by recording a shot with 
a 2" by 4" wooden plank placed between the cap and the geophones. Tae 
total recording time is adjusted to 0.15 seconds. This increases the 
distance between timing lines which permits more precise measurement of 
the time break delay and the adjustments required in order to align the 
galvanometer lights properly. The frequency of the timing oscillator was 
also checked periodically by means of an external oscilloscope. 
The Geo Space GT-2A recorder should be modified in several ways. 1) 
The galvanometers are not sufficiently cushioned against shock. As a result 
the lights must be repositioned frequently. 2) The flashlight battery racks 
are impractical because the batteries occasionally make poor contacts which 
produce a voltage drop or open the circuit. This is a source of consider­
able annoyance because the contacts for each of 17 batteries must be ad­
justed. Also the battery racks are extremely dangerous because they are 
exposed. The firing line can accidentally come in contact with them, 
causing dynamite to detonate prematurely. Two 12 volt external battery 
packs would eliminate this problem. 3) There is no means for monitoring 
the output of the timing oscillator. It should be checked periodically for 
timing accuracy. At present the instrument must be removed from its case in 
order to connect the oscillator with an oscilloscope. The frequency of the 
the oscillator's output can be adjusted by means of a variable resistor. 
The oscillator output must be 100 cycles per second otherwise the timing 
will be inaccurate. 4) Removal of the instrument from its case is a dif­
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ficult procedure because circuitry is easily damaged by contact with the 
side of the case. Either the circuitry should be shielded or some means 
be provided for checking the oscillator without removing the instrument 
from its case. 
The geophones were specially designed by Geo Space Corporation for 
use in areas where high voltage transmission lines are present. Inside 
the geophone case there are two transducers. The 60 cycle electromagnetic 
field that surrounds transmission lines induces an alternating current to 
flow in the coil of each transducer. The two coils are wound and con­
nected in such a way that the alternating currents flew in opposing direc­
tions whereas currents that are caused by ground motion flow in the same 
direction. As a result very little 60 cycle noise can be attributed to 
the geophone. 
Presently there are no geophones available that are completely satis­
factory for seismic refraction surveys. More sensitive refraction geo­
phones can be obtained but they lack the means for elimination of 60 cycle 
noise. The natural frequency of the Geo Space Corporation geophone is 14 
cycles per second which is considered to be too high for long distance re­
fraction shooting. Because the earth absorbs high frequency energy more 
readily than low frequency energy most refraction geophones have a natural 
frequency around four cycles per second. Geo Space Corporation compensates 
for this by critically damping the transducers to provide better sensi­
tivity, and using the paired transducers which have double the output of 
a single transducer. Nevertheless, the signal amplitude is low at distances 
beyond 2000 feet from the shot point. Reflection seismic crews coiiinionly 
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use multiple geophone flyers for signal enhancement and elimination of 
60 cycle interference. The amplitude of the initial breaks on a refrac­
tion seismogram could be increased by placing all the geophones in the 
flyer together. While the use of geophone flyers is costly and cumbersome 
it might substantially improve the record quality. An ideal refraction 
geophone combines the advantages of critical damping, low natural frequency, 
elimination of 60 cycle interference, and small size. 
Field procedure 
Both quarter-mile and half-mile geophone spreads were commonly used 
in the Ames-Roland area. The quarter-mile spreads were most useful for 
determining the depth to the bedrock surface whereas the half-mile spreads 
were necessary for determining the depth to the Gilmore City formation. 
The half-mile spreads were recorded by taking two shots: First a quarter 
mile shot was recorded with twelve geophones spaced at 105 foot intervals, 
the distance from the shot point to the nearest phone being 60 feet, then 
a second shot was recorded after the geophones were transferred from the 
first to the second cable. Thus quarter mile and half-mile spreads were 
1215 and 2475 feet long, respectively. 
The above procedure was not completely satisfactory. In some cases 
the 105 foot geophone interval proved to be too long for obtaining reliable 
depths to the bedrock surface. A number of locations were reshot with a 
30 foot geophone interval. The near phone was placed between 200 and 600 
feet from the shot hole, the offset distance being determined by examina­
tion of the time-distance plot from the original recording. The purpose 
of this procedure was to obtain a concentration of data points in the re­
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gion where breaks in slope occur on the time-distance plot. 
Despite use of the specially designed geophone, 60 cycle inter­
ference was by no means eliminated from refraction seismograms,since seismic 
cables may be responsible for such interference. Specially designed filters 
that attenuate undesirable noise of any discrete frequency are available 
only in the more sophisticated seismic reflection recorders. The ampli­
tude of 60 cycle noise increases linearly as a function of the length of 
cable included in the circuit between the geophone and the recording 
unit, whereas the amplitude of the desired initial break decreases ex­
ponentially as a function of distance. Quarter-mile records can usually be 
interpreted despite interference from transmission lines, but the far 
traces on half-mile records are often unintelligible. This is particularly 
true if the cable is damp. From the standpoint of quality control it is 
inadvisable to shoot near high voltage lines after rain or in the early 
morning hours before the dew has evaporated. 
Dynamite provided the energy for producing seismic waves. It was 
lowered down a hand augered 2.5 inch diameter drill hole by means of a long 
cap wire. The amount and depth of explosive is a function of the spread 
length. A useable record must be obtained without cratering the shot hole. 
As a rule of thumb two 16 inch by 2.25 inch diameter 40% Dupont Redcross 
dynamite sticks were placed in an eleven foot drill hole for recording 
half-mile spreads, whereas one stick was loaded into an eight foot hole 
for each quarter mile spread length. 
Separate holes were drilled for each shot in order to miaimizc the 
possibility of producing a crater; the first charge loosens the ground 
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and the second charge in the same hole blows away the top soil. 
Preparation of the charge required strict adherence to the rules 
of safety. An instantaneous electrical blasting cap was inserted into a 
hole punched into one end of the dynamite stick. The cap lead was looped 
around the end of the stick in such a way that no tension was exerted on 
the cap. This prevented the cap from slipping out of the dynamite and 
causing a misfire. If more than one stick of dynamite was used the cap 
was placed in the top charge in order to prevent the force of the explosion 
from driving undetonated dynamite out of the shot hole. The cap lead was 
made longer than the length of the hole so that it could not slip beyond 
reach. At the same time it was short enough so that it could not possibly 
come in contact with overhead high voltage lines and the firing line 
simultaneously if the explosion shot the lines into the air. The firing 
line was weighted to prevent its being thrown into the air by the force of 
the explosion. Occasionally a charge became lodged part of the way down 
the hole, in which case it was gently pushed the rest of the way by means 
of a hickory loading pole which had a brass pointer on one end. If gentle 
handling failed to dislodge the explosive it was not withdrawn from the 
hole. The possibility of cratering an occasional shot hole was chosen in 
deference to tampering with live explosive. The hole was tamped with drill 
cuttings before a protective shunt was removed from the end of the cap 
lead. A 100 feet long firing line was shorted out at the recorder and the 
other end was connected to the cap lead. During this stage no one was 
allowed near the recorder. After all the instrument checks were performed 
and immediately before the shot was fired, the firing line was connected 
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to the blaster. A clear view of the shot hole and geophone spread enabled 
the operator to determine that it was safe to shoot. The blaster safety 
switch was depressed and the motor turned on to begin the recording cycle. 
The instrument operator was the only person involved in the loading and 
recording procedures. As long as the above rules are follcwed accidents 
involving dynamite should not occur. 
Considerable care was exercised in selecting the location for a shot 
point. Most shot points were located on section corners and at quarter 
mile intervals between section corners along county roads. The shot holes 
were drilled in drainage ditches and none were located within 500 feet of 
a building, well, or bridge. Shooting near high voltage transmission lines 
and underground cables was also avoided where possible. 
Storage and transportation of explosives presented no problem. Ray 
Cook Construction Company which operates a quarry two miles north of Ames 
generously provided explosives magazines for overnight storage. A maximum 
of fifty pounds of dynamite were transported in an automobile trunk, and 
blasting caps were stored in a quarter-inch thick steel container that was 
placed in a second vehicle. 
Table 1 summarizes the recording parameters that were used in the 
Ames-Roland area. Table 2 is a list of equipment, personnel, and expendable 
materials. 
Data Processing 
Slopes and intercepts from time-distance data were calculated by 
linear regression and 90% confidence intervals were determined for each 
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Table 1. Summary of recording parameters, Ames-Roland area 
Feature Type of geophone spread 
Short 1/4 mile 1/2 mile 
Spread length 530' to 930' 1215' 2475' 
Shot point offset 200' to 600' 60' 1320' 
Geophone interval 30' 105' 105' 
Geophone stations 12 12 12 
Charge size^ 1.5# 1.5# 3.0# 
Charge depth 8' 8' 11' 
One 16"X2.25" DuPont Redcross dynamite stick weighs approximately 
1.5#. 
Table 2. List of equipment, personnel, and expendable materials 
Item No. or quantity Description 
Recorder 
Geophones 
Cables 
Cable 
Cables 
Reels 
Firing lines 
Hand augers 
Pipe wrenches 
Powder knife 
1 
25 
I* 
1 
U 
4 
3 
2 
2 
1 
Geo Space GT-2Â portable seismic 
Geo Space HS-1 
Vector Cable Company, 12 take-outs, 
24 conductors, 1555 feet long 
Geo Space Corp., 12 take-outs, 
24 conductors, 390 feet long 
Homemade, 24 conductors, two feet 
long jumper cables 
TesCO Company, 14" portable 
Homemade, 40, 100, and 200 feet long 
Belzeaky, 2.5 inch diameter drill bit, 
5 feet long, 6 feet long extension rod 
Light weight, for dismantling auger 
Brass blade 
39 
Table 2. (Continued) 
Item No. or quantity Description 
Powder punch 1 Brass punch 
Vehicles 2 Rambler Classic station wagon, 3/4 
ton Ford pickup truck 
Personnel 4 One recorder operator and three 
laborers 
Film 50 rolls Polaroid, Type 47, 3000 speed, 8 
prints per roll 
Dynamite 800^ Dupont Redcross, 16"X2.25", 40% ac­
tive ingredients 
Blasting caps 200 Dupont instantaneous electrical 12 to 
20 feet long leads 
with the aid of equations 4 through 10. All calculations were performed 
on an Olivetti-Underwood desk computer. The computer program and-sample 
calculations appear in the Appendix. A computer operator can obtain each 
slope and intercept with their respective confidence intervals directly 
from a seismogram in approximately two minutes. Since most seismograms in 
the Ames-Roland area displayed three slopes the total computing time was 
six minutes per shot point. 
Depths to velocity interfaces were calculated with the aid of equation 
3. These calculations are based on the simplified seismic model which 
states that for n layers there are n constant velocities and each succes­
sive velocity layer is faster than the layer immediately above it. Fur­
thermore each layer is thick enough to be represented in the time-distance 
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plot of the first breaks. Finally it is assumed that the velocity layers 
are horizontal. An Olivetti-Underwood computer program and sample depth 
calculations appear in the Appendix. 
Confidence intervals for depths to the various interfaces were calcu­
lated by utilizing the 90% confidence intervals for slopes and intercepts. 
The maximum depth to a given interface was determined by using the maximum 
velocity and intercept in the confidence interval. Conversely the mini­
mum depth was determined by using the minimum velocity and intercept in 
the confidence interval. This procedure results in a broader confidence 
interval than the minimum statistical uncertainty of Steinhart and Meyer 
(1961). It is rather a worst possible combination statistical uncertainty 
and, as such, it is a more conservative estimate of uncertainty. It will 
be demonstrated, however, that deviations from the simplified seismic 
model (systematic errors) provide more significant sources of error than 
statistical uncertainties (random errors). Calculation of confidence 
intervals for depths in the four layer case requires five minutes of 
Olivetti-Underwood computer time. 
Recently an IBM 360 computer program was completed for the above 
calculations (Kent, 1969)Kent's program yields results that are identical 
to those of the Olivetti-Underwood computer except that it also plots a 
time-distance graph automatically. In the future an IBM program will be 
devised which can select the most likely interpretation of a time-distance 
plot by scanning the input data. Presently an interpreter must choose be­
tween several possible interpretations. The computer can make the choice 
flawlessly and produce a probability statement. Alternatively it may 
^Kentj D. Ames, Iowa. Seismic data processing. Private communica­
tion. 1969. 
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provide two likely interpretations with slope and intercept confidence 
intervals for each. The interpretation with the narrowest confidence 
interval would be the most likely choice. Lack of a clear-cut choice 
would indicate the need for obtaining additional data. 
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SEISMIC RESULTS AND INTERPRETATION 
The Simplified Seismic Model 
A unique simplified seismic model is obtained for each shot point. 
Each model arises from interpretation of a time-distance plot by linear 
regression. In general four constant velocity layers result from the 
interpretation (Figure 2). Ninety percent confidence intervals are cal­
culated for the three fastest layers whereas the lowest velocity layer is 
assumed to exist without statistical proof. 
Refractor Velocity Distribution 
The low velocity layer, an air wave? 
Although the low velocity layer is rarely observed directly, it is 
always present. The time-distance graph of Figure 1 shews that the first 
straight line segment intersects the time axis at eight milliseconds 
whereas it would pass through the origin if it truly represented the 
velocity of the surficial layer. The lew velocity layer escapes detection 
because it is too thin to be observed with a 105 feet long geophone spacing* 
The initial slope of the time-distance graph did not once pass through the 
origin in 197 cases where a long geophone spacing was used. 
If the geophones are spaced very closely and the water table is un­
usually deep, the velocity of the surficial layer may be represented on 
the time-distance graph. Figure 8a and Figure 8b illustrate time-distance 
graphs for recordings with five to ten foot geophone intervals. The data 
that were used for the Figure 8a came from an Iowa State University 
Figure 8a. Time-distance graph for a short geophone spreads 
(Ute, Iowa) 
Figure 8b. Time-distance graph for a short geophone spread 
(Ames-Roland area, Iowa) 
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agricultural experiment station plot near Ute, Iowa. At this location 
more than 100 feet of loess overlies glacial drift. Soil moisture drains 
rapidly through the loess toward deep gullies so that the water table is 
quite deep. Data for Figure 8b came from a high alluvial bank that over­
looks the Skunk River three miles northeast of Ames, Iowa. As in the Ute 
experimental area good drainage produces a depressed water table. 
Interpretation of the data from the above two experiments yielded the 
following results. At Ute the calculated depth (64' - 7') to the second 
velocity layer compares favorably with the known depth to the water table 
(67'). The slope of the time-distance graph for the low velocity layer is 
known with considerable confidence and there is little doubt that the 
curve actually passes through the origin. The measured velocity in the 
zone of aeration at Ute is 1076'/s - 64'/s. Similar results were obtained 
at the Skunk River site except that the low velocity line does not pass 
through the origin. The measured velocity is 1045'/s - 43'/s. 
The travel path taken by the low velocity energy is uncertain. The 
energy that was initially recorded by the geophones followed one of two 
possible travel paths. Either it traveled directly from the shot to the 
geophones as it is normally assumed or it traveled upward and was refracted 
as an air wave along the air-soil interface (Figure 9). If the latter 
case is true, the velocity below the interface must be less than the 
measured velocity. At the Skunk River site the explosive charge was buried 
three feet and the first geophone was located five feet away. If the 
energy followed a nearly vertical path to the surface, the average velocity 
in soil would be expressed approximately as the depth of the shot 
Figure 9. Alternative travel paths for energy in low velocity 
layer 
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d i v i d e d  b y  t h e  i n t e r c e p t  t i m e .  S i n c e ,  t h e  i n t e r c e p t  t i m e  a n d  
depth are known the velocity may be calculated, that is velocity = 
3V4.89ms t 0.78ms or velocity = 600'/s - lOO'/s. If, on the other hand, 
the energy traveled a direct path to the geophones the intercept time 
should be zero. In the Ute experiment the intercept time was approximately 
zero but the charge was buried only one foot. Thus, it is possible that 
the initial breaks record the velocity of an air wave rather than that of 
a wave in soil. 
Hinze et al^. (1964) examined the velocity of the surf icial soil zone 
in considerable detail by means of uphole surveys. They concluded that 
the average velocity in the vertical direction increased gradually from 
600'/s to 1200'/s as the shot depth increased from 3,5' to 9'. 
Hinze et al. also determined the seismic velocity of the surface 
layer by means of a conventional geophone spread. Figure 10 (after Hinze 
et al.) is a histogram showing the frequency distribution for the measured 
seismic velocity of the surficial layer. The wide range (600'/s to 2000'/s) 
can be explained by the fact that many measurements were based on a small 
number of data points. The modal velocity, however, was llOO'/s which com­
pares favorably with the results at Ute, Iowa, and the Ames-Roland area. 
Hinze et al^. (1964) assumed that they were measuring the velocity of 
energy traveling directly through the soil zone but it is entirely possible 
that they were deceived by the effect of an air wave traveling along the 
air-soil interface. If the velocity in soil near the surface is 600'/s 
as given by Hinze et al., a horizontally traveling refracted air wave is 
Figure 10, Frequency distribution for the velocity of the surface 
layer, reproduced by permission of Hinze ^ t a^. (1964) 
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a necessary consequence. This is a requirement because the velocity of 
sound in air is approximately llOO'/s. Thus as the seismic wave passes 
from the soil zone into the air at the critical angle of incidence it 
will be bent away from the normal and refracted critically along the 
interface. 
Evidence from the Ute and Ames-Roland area experiments suggests that 
the energy traveling at low velocity reaches the geophone as an air wave. 
There are two observations that support this hypothesis. 1) The measured 
velocity at Ute in August (1076'/s t 6U'/s) compares favorably with the 
velocity of sound in air (1129'/s) at 20°C and one atmosphere pressure 
(Handbook of Chemistry and Physics, 1954). The measured velocity in the 
Ames-Roland area in November (lOUSVs - U3Vs) compares favorably with the 
velocity of sound in air (1089'/s) at 0°C and one atmosphere pressure. 
2) The initial breaks on the seismic record are reversed in polarity with 
respect to deep refracted arrivals, Figure 11. McGinnis and Kempton, 
(1961) observed but did not explain the polarity reversal and Hinze 
et al. (1964) made no mention of it. 
The reversed polarity can be explained by considering an air wave that 
travels parallel to the ground. Energy travels upward from the shot, as 
shown in Figure 9, strikes the surface and is critically refracted into 
the air parallel to the air-ground interface. The air wave strikes the 
geophone as a horizontally traveling compressional wave. The coil in 
the geophone oscillates only in the vertical direction so that the shock 
is recorded as the energy refracts back into the ground. Since the wave 
front is compressional and propagating in the downward direction the soil 
Figure 11. A seismogram illustrating reversed polarity 
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initially must move downward. On the other hand energy that refracts off 
deep high speed layers approaches the surface from below as a compressional 
wave. In such a case the soil moves upward initially. Energy that travels 
directly through soil from the shot to the geophone has a component of 
movement in the upward direction. Hence energy that follows a direct 
travel path from the shot to the geophone will produce the same polarity 
initial break as does deep refracted energy. The polarity of energy 
that propagates in the upward direction was determined by placing a geo­
phone directly above a shallow explosive charge. The resulting polarity 
was the same as that for the deep refracted energy. 
In summary, three facts suggest that the measured low velocity is that 
of an air wave. 1) The velocity is very close to that of sound in air, 
2) a polarity reversal occurs and 3) the velocity of a seismic wave in the 
surficial soil zone is probably about one-half the velocity of sound in 
air (Hinze et , 1964). The last, if true, would make certain the exist­
ence of a horizontally traveling air wave in accordance with the theory of 
refraction. The true velocity of the surficial soil zone north of Ames, 
Iowa, therefore remains unknown. 
The increase of velocity in the surficial soil zone as a function of 
depth may be explained in the following way. The speed of a longitudinal 
wave (Vj) is expressed by equation 11: 
»i = ^ (11) 
where \ = incompressibility, fi = rigidity, and = density, (Macelwane and 
Sohon, 1932). Partially saturated soil is made more rigid by increasing 
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surface tension and more incompressible by displacing gas with liquid. 
Therefore, the velocity increases as the moisture content increases until 
the surface tension is destroyed with the complete expulsion of the 
compressible gas. At this point the soil is said to be saturated with 
respect to water. The loss of surface tension upon saturation should 
cause some loss in rigidity, a fact which can be confirmed by soils 
engineers. In turn decreasing rigidity implies a decrease in velocity 
according to the above equation. 
Soils engineers have performed sonic velocity experiments on partially 
and completely saturated soils compacted in Proctor molds in an effort to 
establish a relationship between moisture content and velocity (Hoover 
and Handy, 1969). Their results show that as the degree of saturation in­
creases the velocity increases to approximately 90% of saturation. There­
after as the per cent of saturation increases the velocity decreases. 
These results are completely predictable from seismic theory. 
The observations noted above lead to some interesting predictions con­
cerning the seismic velocity in the immediate area of the water table. The 
degree of saturation increases as the distance above the water table de­
creases- Therefore it is likely that the velocity increases as the depth 
increases. At some point slightly above the water table the velocity 
reaches a maximum, whereas below the water table it is probably nearly 
constant and slightly lower because complete saturation exists. 
An understanding of the relationship between the low velocity layer 
and the simplified seismic model used to represent it for depth calculations 
is summarized as follows. The simplified seismic model oversimplifies the 
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nature of the surficial soil zone. In order to calculate depths to 
various high speed layers the low speed layer is assumed to propagate 
seismic energy at a velocity of llOO'/s. Actually the velocity is not 
constant as a function of depth and its measurement is based on the er­
roneous assumption that the energy traveled directly through soil rather 
than through air. Therefore the low velocity layer is not accurately 
represented by the simplified seismic model. 
It is reassuring to note that calculations based on this model ac­
curately predicted the depth to the water table near Ute, Iowa, within 
the limits of statistical uncertainty, (Figure 8a). Perhaps the true 
average velocity in the surficial soil zone is not too different from the 
measured value. 
The second velocity layer 
The nature of the second velocity layer is comparatively simple. At 
many locations its speed was determined by linear regression of four or 
more sample points which were spaced 105' apart. A relative frequency 
histogram (Figure 12a) illustrates the uniform speed of wave propagation 
through this layer. Ninety percent of all sançle measurements lie between 
5400'/s and 6600'/s with a modal speed of 6000*/s. The histogram was 
prepared from 85 sample measurements whose individual 90% confidence inter­
vals were less than t 500'/s. Lennox and Carlson (1967) presented similar 
results in their study. The polarity of the first breaks indicates that 
the energy strikes the geophone from below and depth calculations (Figure 
8a) suggest that the refracting layer lies at or near the water table. 
57 
If complete saturation lowers the velocity, the refracting layer must lie 
somewhat above the water table. 
At some locations three or fewer sample points made it impossible to 
measure the velocity of the second layer with any precision. In each such 
case the velocity was assumed to be 6000'/s for computing purposes. The 
computing error that is introduced by this assumption is small because 
wherever the number of sample points is few, the layer must be thin. 
The second velocity layer corresponds to saturated glacial drift or 
alluvium according to bore hole data on file at the Icwa Geological Survey. 
This may account for the relatively small range of velocities shown in 
Figure 12a. Because the Pleistocene deposits are saturated and uniformly 
unconsolidated they are incompressible and their rigidities are uniformly 
low. Accordingly seismic velocities for Pleistocene deposits are nearly 
uniform (Equation 11). 
Because density and rigidity depend upon porosity the velocity of 
seismic energy must also depend upon porosity. Wyllie et al^. (1956) con­
ducted exhaustive research into the relationship between porosity and 
seismic velocity. They concluded that as the porosity increased the 
velocity decreased. This conclusion together with Equation 11 implies 
that rigidity changes more rapidly than density with respect to porosity. 
In the Ames-Roland area the variation of porosity within the Pleisto­
cene is not well known. The porosity of glacial till is probably uni­
formly low but the porosity of stratified drift and alluvium may vary de­
pending on the grain size distribution comprising the aggregate. Glacial 
till is predominant in the Ames-Roland area, and localized lenticular 
Figure 12a. Relative frequency histogram for second velocity layer 
Figure 12b. Relative frequency histogram for third velocity layer 
Figure 12c. Relative frequency histogram for fourth velocity layer 
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bodies of alluvium and stratified drift are common (Backsen, 1963). 
The results of the experiment at Ute, Iowa, (Figure 8a) are inter­
esting in the light of the above discussion. Because loess is a well 
sorted sediment its porosity is generally much higher than that of 
glacial drift. The measured velocity of saturated loess at Ute was 
5316'/s 2 350*/s. This is well below the modal velocity shown in Figure 
12a for the Ames-Roland area where glacial drift predominates. Therefore 
under favorable conditions it may be possible to map the contact between 
saturated loess and glacial drift by the seismic refraction technique. 
The general uniformity of the transmitting media and statistical data 
indicate that the second layer of the simplified seismic model is a 
reasonably accurate estimate of the velocity of saturated Pleistocene 
deposits for the Ames-Roland area. The estimated velocity probably lies 
within 500'/s of the actual average velocity. 
The third velocity layer 
The third layer of the simplified seismic model generally misrepre­
sents the speed of wave propagation in the bedrock medium that underlies 
the glacial drift. One hundred ninty seven sample measurements were used 
in the preparation of the histogram shown in Figure 12b. The only sample 
measurements used were those whose individual 90% confidence intervals 
were less than 1000'/s. The wide range of velocities shown intimidates 
the interpreter. The histogram contains several modes in contrast to the 
single mode of the histogram in Figure 12a. Lennox and Carlson (1967) 
experienced the same difficulties with the third layer. Figure 13 is an 
acoustic log of a gas injection well in Northern Natural Gas Company's 
Figure 13. Acoustic velocity log, Redfield, Iowa; Reproduced by 
permission of Northern Natural Gas Company 
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Redfield, Iowa, underground storage area. This log illustrates that the 
acoustic velocity as a function of depth is very complicated. Although 
the Redfield storage area is 65 miles southwest of Ames, the stratigraphie 
section in the well correlates with the stratigraphy of the bedrock sur­
face in the Ames-Roland area. The third layer of the simplified seismic 
model fails to represent the actual velocity-depth function because the 
refracting horizon that is represented on a time-distance graph is usually 
a thin high-velocity medium surrounded by lower velocity media. This 
condition causes the low velocity medium that overlies the high velocity 
medium to be a blind zone and the underlying low velocity medium cannot 
be detected by seismic refraction because of the velocity inversion. All 
three media are represented by the third layer of the simplified seismic 
model but it is obvious that the velocity within this layer is not constant. 
The poor correlation between the third layer and the actual velocity-
depth function leads to three serious interpretation problems. 1) Blind 
zones of considerable thickness are possible wherever the measured third 
layer speed is greater than l2000'/s. 2) The true average speed may be 
considerably lower than the measured speed so that the computed thickness 
of the layer will be too lew. The seismic refraction method inherently 
measures the speed of a high velocity member that lies between two low 
velocity members of a thin layer. 3) The interpreter cannot determine 
the stratigraphie position of various refracting horizons from the seismic 
data alone. For example lUOOO'/s horizons occur at a number of positions 
within the Osage-Meramec series. It is now apparent that geologic inter­
pretation of these data must be qualified. 
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The fourth velocity layer 
The fourth layer of the simplified seismic model, like the third 
layer, yields a wide range of speeds but it has considerable geologic 
significance. Figure l2c was prepared from 147 sample measurements whose 
individual 90% confidence intervals were less than lOOO'/s. This histo­
gram displays only two modes. Correlation of the histogram with the 
acoustic velocity log in Figure 13 tentatively identifies two stratigraphie 
horizons as the transmitting media for the high speed waves. If a measured 
speed is 14800'/s - ISOO'/s, the refracting medium appears to be one of 
several high speed members of the Osage-Meramec series. On the other 
hand, if a measured speed is 16800'/s - 1500'/s, the refracting medium ap­
parently lies beneath the top of the Kinderhook series within the Gilmore 
City formation. The two ranges overlap so that measured speeds between 
15300'/s and 16300'/s would be of doubtful origin. The identification 
of stratigraphie units by seismic data has obvious practical applications. 
The acoustic velocity within the Gilmore City formation appears to 
be high over a wide area of central Iowa. Figure 14 is an acoustic log 
of a well in Northern Natural Gas Company's Vincent underground storage 
area 25 miles northeast of Fort Dodge, Iowa. The average acoustic velocity 
is 18500'/s in a 40' zone within the Gilmore City formation. 
Generalized characteristics and implications of the simplified seismic 
model for the Ames-Roland area are summarized by Table 3. 
Figure 14. Acoustic velocity log, Vincent, Iowa; reproduced by 
permission of Northern Natural Gas Company 
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Table 3. Summary of the simplified seismic model for the Ames-Roland area 
Layer Velocity % of sample 
population 
Stratigraphie 
identity 
Remarks 
1st llOO'/s (assumed) Air wave? Velocity for the surficial soil 
is less than llOO'/s 
2nd 6000'/s - 600 Vs 90% Saturated 
Pleistocene 
Alluvium and glacial drift 
are not distinguishable 
3rd 12000VS - 2000'/s 85% Des Moines or 
Osage-Meramec 
series 
Blind zones, actual velocity 
is a variable rather than a 
constant 
4th 14800'/s ± 1500'/s 
or 
98% 
(Subgroup in popu­
lation) 
Osage-Meramec 
series® 
Numerous horizons within 
the Osage-Meramec series 
16800VS t 1500'/s 94% 
(Subgroup in popu­
lation) 
Kinderhook 
series® 
Near the top of the Kinderhook 
series within the Gilmore City 
formation 
^Osage-Meramec and Kinderhook series are indistinguishable if the measured velocity of the 4th 
layer lies between 15300 and 16300'/s. 
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Difficulties in Interpreting Time-Distance Graphs 
Confidence in the final interpretation of time-distance graphs 
varies as a function of statistical uncertainty among other factors. 
Figures 15a and 15b illustrate the value of collecting additional data 
at critical locations along the geophone spread. The circles on the pair 
of graphs represent initial time-distance data whereas the triangles 
represent supplementary time-distance data that were recorded by a 
second shot at the same location. The additional data changed the inter­
pretation from a three layer case with considerable uncertainty to a two 
layer case with acceptable uncertainty. A single erratic point had pro­
duced an erroneous initial interpretation. If this point had been con­
sidered as part of a single straight line initially, the first and second 
interpretations should have been similar and the statistical uncertainty 
would have been less. On the other hand, the erratic point may have 
turned out to be meaningful. Its erratic nature was not revealed until 
the additional data were plotted. Figure 16 illustrates a similar situ­
ation except that the outcome is different. In the latter example the 
three layer case is confirmed rather than rejected but the high speed 
layer is subject to considerable uncertainty. Additional data points are 
needed on the far end of the spread. 
The above experiments emphasize the influence of random deviation on 
the interpretation of seismic refraction data. This influence can be 
minimized by increasing the number of data points at strategic locations 
along the spread. 
Figure 15a. Time-distance graph, initial interpretation 
Figure 15b. Time-distance graph interpreted in the light of 
supplementary data 
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Figure 16a. Time-distance graph, initial interpretation 
Figure 16b. Time-distance graph interpreted in the light of supple­
mentary data 
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Too much reliance on statistics, however, can be as harmful as too 
little. The results of statistical analysis of time-distance data are 
often deceptive. There are two cases that commonly produce low statis­
tical uncertainty and erroneous results simultaneously. The blind zone 
case has been discussed in recent literature by several investigaors. 
The other case has not appeared in the literature and it involves two or 
more equally probable interpretations of a given time-distance graph. 
In either case erroneous results can be obtained for data which have low 
statistical uncertainty. 
Blind zones are probably responsible for some of the erroneous results 
in the Ames-Roland area. The magnitude of the error may vary consider­
ably- For example. Figure 17 illustrates three time-distance graphs. 
Figure 17a is a plot of actual time-distance data which indicates low, 
intermediate, and high speed layers with reasonably low statistical un­
certainties. Figure 17b depicts a hypothetical case wherein the inter­
mediate speed layer (dashed line) is present but it is too thin to be 
represented on the plot of the first breaks. In the hypothetical case 
the intermediate speed layer is 76' thick but its presence could not be 
detected by increasing; the number of data points. The high speed layer 
would be mistaken for the bedrock surface and calculated depths to bedrock 
and the high speed layer would be in error, 30' too deep and 46' too 
shallow respectively. Figure 17c is a plot of actual time-distance data 
for a location that is one quarter mile from the location where the data 
were obtained for the first graph. A 12,200'/s blind zone may indeed 
Figure 17a. Time-distance graph, an actual case 
Figure 17b. Timc-distance graph, an hypothetical case 
Figure 17c. Time-distance graph, an actual case 
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be present at the new location. Figure 18 exemplifies the same problem. 
The magnitude of the error in calculated depths is less in the latter 
case, however, because the intermediate and high speed layers are more 
nearly alike-
Figure 18 also illustrates the occurrence of equally likely inter­
pretations for a single set of time-distance data. Figures 18a and c are 
alternative interpretations for the same data. One interpretation de­
picts a three layer case and the other describes a two layer case. The 
statistical uncertainty of the velocity is relatively lew in both cases. 
It is obvious, however, that both interpretations cannot be correct. In­
deed, perhaps neither interpretation is correct. 
Figure 18a. Time-distance graph, an actual case 
Figure 18b. Time-distance graph, an hypothetical case 
Figure 18c. Time-distance graph, an alternative interpretation of 
the actual case above 
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GEOLOGIC INTERPRETATION 
Calculated Depths to Bedrock Refractors and Well Control 
Geologic control provides a test for the accuracy of the results. 
Bedrock data from existing wells and test borings at critical locations 
were compared with the results of the seismic interpretation. U.S. Army 
Corps of Engineers test borings were located on the basis of the results 
of the seismic survey. Seismic results were also compared with well log 
data on file at the Iowa Geological Survey. The bore hole information 
and seismic results shown in Figures 19 and 20 are tabulated in the 
Appendix. Figures 19 and 20 are continuous east-west seismic refraction 
profiles for the Ames-Roland area. 
Systematic errors are probably responsible for most failures of the 
seismic refraction technique to predict the depth to the bedrock surface 
accurately. This fact is illustrated by Table 4 which tabulates the fre­
quency of occurrence of actual bedrock surface elevations with respect 
to seismic confidence intervals. The deviation of actual from expected 
outcomes suggests that systematic errors are common. If the simplified 
model is not correct, systematic error is an unavoidable consequence. 
Blind zones are the largest single cause of systematic error. The 
failure to recognize a blind zone will consistently result in outcomes 
that occur above the confidence interval. On the other hand an irregular 
bedrock surface will produce a scattering of results both above and be­
low the seismic confidence interval. The data in Table 4 suggest that 
the blind zones are more important sources of error than bedrock surface 
irregularities. 
Figure 19. East-west seismic refraction profiles for the Ames-Roland 
area 
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Figure 20. East-west seismic refraction profiles for the Ames-
Roland area 
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Table 4. Actual and expected bedrock surface elevations with respect 
to seismic 90% confidence intervals 
Outcome of 
bore hole 
tests^ 
Position of outcome of bore hole test with 
respect to seismic 90% confidence interval 
Above confidence 
interval 
Within confi­
dence interval 
but above most 
likely ele­
vation 
Within confi­
dence interval 
but below most 
likely eleva­
tion 
Below confi­
dence inter­
val 
Actua1 
Expected 
11 
1 
6 
10 
2 
10 
3 
1 
22 bore hole tests • 
Measured Sonic Velocities of Bore Hole Core Specimens 
Sonic velocities were measured for four sets of bore hole cores. 
The measuring device was a V-Scope that was manufactured by James 
Electronics Inc. of Chicago, Illinois. This instrument generates a high 
frequency sound wave which can be transmitted through the core. The 
sound wave's travel time through the core can be measured with a precision 
of - 1 microsecond by means of a calibrated oscilloscope. Each core was 
approximately 0.5 feet long and its length was known to the nearest 
0.003 feet. By differential error analysis (Svec-and Peterson,1967) the maxi-
ravm error in theaverage velocity through the cores was approximately 250'/s. 
Each core sample was taken from immediately beneath the bedrock surface 
and it was prepared for sonic measurements by squaring the ends and 
saturating the pore spaces with water by means of a vacuum pump. 
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Table 5 compares the results of the sonic tests with seismic data. 
The comparison permits direct observation of the role of blind zones in 
producing the systematic errors that inevitably creep into bedrock depth 
calculations. It is interesting to note that in each case the sonic 
velocity is less than the measured seismic velocity and the actual depth 
to the bedrock surface is less than the depth calculated from seismic 
refraction data. Only one (bore hole test no. 2) of the actual depths 
falls outside the 90% confidence interval of the seismic calculations. 
Two results are at the extreme upper limits of their respective confi­
dence intervals and one result falls well within its confidence interval. 
In the latter case the sonic velocity is nearly as high as the measured 
seismic velocity. While this is not conclusive evidence that the blind 
zone is a common cause of systematic error, it is strongly suggestive. 
If a larger sample had been drawn one could have tested the hypothesis 
that deviations from the statistically most likely depth to bedrock are 
caused entirely by random error. If this hypothesis proves to be false, 
then one must accept the alternative hypothesis that systematic errors 
play an important role. If actual outcomes are skewed toward the shallow 
end of the seismic depth confidence interval then blind zones are the 
likely cause of systematic errors. The experimental proof that is pre­
sented in the above tabulations should be completely documented with 
statistical proof. 
The sonic velocities for core samples from bore hole test no. 3 are 
disconcerting because they compare favorably with seismic velocity 
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Table 5. Comparison between sonic and seismic velocity measurements at 
bore hole test sites 
Bore 
hole Velocity Depth to bedrock surface 
test^ Sonic Seismic Actual Calculated 
no. 1 14300 to ISlOO'/s 16400'/s + 800'/s 176' 182' + 18' 
no. 2 9800 to 12600'/s 14500'/s + 700Vs 143' 157' + 9' 
no. 3 5100 to 6300'/s 10500'/s + 600'/s 110' 121' + 12' 
no. 7 12100 to 12500'/s 13300'/s + 800'/s 76' 88' + 13' 
^U.S. Army Corps of Engineers • 
measurements for glacial drift. The bedrock cores belong to a sandstone 
member of the Cherokee group of the Des Moines series. The acoustic 
velocity log of Figure 13 shows that low velocity zones are common within 
the Pennsylvanian system at Redfield, Iowa. Presumably the same circum­
stances exist in the Ames-Roland area. In this case the bedrock surface 
cannot be distinguished from glacial drift, however, a high speed horizon 
lies a short distance below the sandstone to give the 10500'/s 2 600'/s 
velocity observed. 
Blind Zone Corrections 
A satisfactory method is required to minimize the errors that appear 
to be caused by blind zones. No scientific approach has evolved because 
the interpreter can only guess whether or not a blind zone is actually 
present. A sizeable minority of data points in the Ames-Roland area 
yielded satisfactory results without presuming the presence of a blind 
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zone. Because ignorance of the actual condition exists, it is appropriate 
to compromise between two extreme interpretations for lack of a better 
method. Either a blind zone exists or it does not exist. If the blind 
zone exists, its maximum thickness can be estimated in a crude manner at 
best. The hypothetical time-distance graph of Figure 17 illustrates the 
method used for estimating the maximum thickness. The observed bedrock 
speed was 17,300'/s t 700'/s and a 12,200'/s blind zone was presumed to 
exist as shown by the dashed line. If the intercept time for the 12,200'/s 
layer were any less, that particular blind zone would cease to be blind. 
On the other hand, if the intercept time were greater, the blind zone would 
not be maximum thickness. Calculated results tabulated in Figure 17 
show bedrock to be 152' and 182' deep with and without the blind zone re­
spectively. A bedrock depth of 167' constitutes a suitable compromise be­
tween the two extreme interpretations. While this is not a completely 
satisfactory procedure, it is an improvement over accepting the results of 
either extreme case. 
The selection of a suitable speed for the blind zone is arbitrary in 
that it is not based on experimental proof. In the majority of cases a 
likely speed was chosen from observed bedrock speeds measured at nearby 
shot points. The use of nearby shot points is valid when the approximate 
geologic conditions such as the stratigraphie position of the bedrock sur­
face are known. The acoustic velocity log of Figure 13 was also used as a 
guide. 
The effectiveness of compromise blind zone corrections is illustrated 
by Table 6 which compares the results of bore hole data with calculated 
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depths to the bedrock surface from seismic data. When the maximum blind 
zone correction was applied the results were only slightly more accurate 
than the completely uncorrected results. On the other hand, substantial im­
provement in accuracy resulted from the compromise correction. While these 
data are suggestive they do not prove the superiority of averaging the ex­
tremes; in fact there may be a better method. Obviously more research on 
blind zones is needed. 
The Bedrock Surface 
Figure 21 is a map of the pre-Pleistocene topography of the Ames-
Roland area. The posted numbers are statistically most likely bedrock ele­
vations with a compromise correction for blind zones. 
Table 6. Percent error in calculated depth to the bedrock surface from 
seismic data 
% error in Number of calculated depths with given % error 
calculated Statistically Compromise Maximum 
depth to bed­ most likely blind zone blind zone 
rock surface depth correction correction 
0- 5 5 8 7 
5-10 2 4 1 
10-15 3 1 4 
15-20 5 1 2 
20-25 0 3 2 
25-30 2 0 1 
Above 30 0 0^ 0 
Total no. bore 
hole tests^ 17 17 17 
a% grror = actual depth - calculated depth ^ 
actual depth 
bused only bore hole tests that were located in buried valleys. 
Figure 21. Map of the bedrock surface, Ames-Roland area 
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The bedrock map shows three ancestral valleys and a prominent, nearly 
flat, upland divide that are probably structurally controlled. The upland 
divide as shown in Figure 21 appears to be an erosional remnant of the Osage-
Meramec series whereas the valleys are cut in the more easily eroded Des 
Moines series. Bore hole data support this interpretation. Therefore, it 
follows that the upland divide is structurally high compared with the rest 
of the region. 
An imperfect to nonexistent spatial relationship exists between the 
ancestral and modern valleys in the Ames-Roland area. The buried valley 
at the western edge of the region in Figure 21 coincides roughly with the 
modern Squaw Creek. On the other hand in the southern part of the region 
the ancestral Skunk River valley passes one mile or more to the west of its 
modern counterpart. The presence of this buried valley is confirmed by 
bore hole tests in the center of the NW 1/4 Sec. 22, the NW cor SW 1/4 
SW 1/4 Sec 14, and the center of the NE 1/4 Sec 14, T84, El24. The modern 
river flows over a bedrock exposure in that area and it appears to have been 
captured by a minor tributary of the ancestral Skunk River. A bedrock knoll 
with 100' of relief lies between the ancestral and modern rivers. The most 
surprising discovery, however, is the ancestral valley that is shown along 
the southeastern edge of the mapped area. A modern counterpart does not 
exist. 
Several east-west seismic profiles are compared with gravimeter data 
(Northern Natural Gas Company, 1965). Figure 22 shews superimposed gravi­
meter and seismic profiles. Several abrupt changes in the gravitational 
field gradient correspond to abrupt changes in the thickness of glacial drift 
Figure 22. Gravimeter and bedrock depth profiles superimposed. 
(Gravimeter data reproduced by permission of Northern 
Natural Gas Company) 
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as interpreted by seismic data. On line 5 and line 6 and the eastern edge 
of line 3 an increase in glacial drift thickness corresponds to a decrease 
in the gravitational field gradient. This is the expected result because 
argillaceous, dolomitic limestone with interbedded sandstone and shale of 
the Osage-Meramec series underlies the glacial drift where it is thin. The 
density of the former rock units is substantially higher than that of the 
latter. Data did not compare so favorably on the western ends of lines 3 
and 4 where the outcrop pattern across the floor of the Skunk River valley 
influences the gravitational field in an unpredictable manner. 
The abrupt change in thickness of the glacial drift is very likely con­
trolled by geologic structure. Thin glacial drift overlies the flat upland 
divide where Mississippian (Osage-Meramec series) rock subcrops. Thick 
glacial drift overlies subcropping Pennsylvanian (Des Moines series) rock 
that flanks the upland divide both to the east and west. Furthermore, the 
abrupt change in thickness of the glacial drift suggests the presence of a 
pre-Pleistocene erosional scarp which may have been controlled by a fault. 
The upland divide may be a horst. 
Geologic structure undoubtedly influences the gravitational field in 
the Ames-Roland area. This area lies on the southeast flank of the mid-
continent gravity high which extends from central Oklahoma to the Lake 
Superior region. According to Coons ^  (1967) this important gravity 
anomaly occupies the center of a 300 mile wide precambrian system that strikes 
northeast across the middle of the North American continent. A number of 
faults in this system were active during paleozoic time. Therefore the pres­
ence of faults in the Ames-Roland area should not be surprising. 
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Gravity anomalies are locally influenced by thick glacial drift that 
accumulates on one side of a fault plane. In the Ames-Roland area drift 
accumulates on the downthrown side of the fault plane so that the magnitude 
of the anomaly is unusually large. The largest anomalies along the mid-
continent gravity high occur in central and northern Iowa. The idea that 
glacial drift affects the gravitational field is not new. McGinnis, et al. 
(1963) used this principle to map bedrock valleys in Northern Illinois. 
The bedrock surface map of Figure 21 is believed to be a reasonable 
representation of the actual bedrock surface. Statistical and blind zone 
considerations placed reasonable limits of error on the calculated results. 
Furthermore, well control and gravimeter data appear to be in general agree­
ment with the seismic data. If additional bore hole test sites are selected 
at random within the bedrock valleys, one might reasonably expect that 
67% of the outcomes will fall within 10% of the expected depth to the bed­
rock surface and none of the outcomes will reveal an error that is greater 
than 25%. 
The Reliability of Mapping a High Speed Marker Bed 
The attempt to map a high speed marker bed within the Kinderhook series 
was not uniformly successful. There are two reasons for this result: 1) 
Where the glacial drift is thick and the Kinderhook series is deep the geo-
phone spread must be at least three quarters of a mile long in order to 
measure the spead of the marker bed accurately. Even so, the calculated 
depth to the marker bed (Figure 23) has a broad confidence interval. 2) 
Where a thick section of the Osage-Meramec series lies between the glacial 
Figure 23. Time-distance graph showing typical Osage-Meramec and 
Kinderhook series refractors. (Well data on file at the 
Iowa Geological Survey) 
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drift and the Kinderhook series, the interpretation of the time-distance 
graph can be ambiguous. If the measured speed lies between 15,300'/s 
and 16,300'/s there is no way to distinguish between an Osage-Meramec 
series and a Kinderhook series refractor. 
In the study area the modern Skunk River forms the approximate 
boundary between reliable and unreliable calculated depths to the high 
speed marker bed. Most of the reliable data are located east of the river 
where the glacial drift is thin and the Kinderhook series is structurally 
high. The time-distance graphs in Figure 24a are taken from locations 
east of the river and the graphs in Figure 24b are taken from locations to 
the west. Interpretation of the results is far more consistent for those 
to the east than for those to the west. Many locations west of the river 
required additional time-distance data everi before the depth to bedrock 
could be determined satisfactorily. It is doubtful whether any seismic 
refraction procedure can provide satisfactory structural data from west 
of the Skunk River in the Ames-Roland area. 
Figures 19 and 20 illustrate the contrast between structural inter­
pretations on the east and west sides of the Skunk River. Very little re­
liable structural information was obtained from the west side of the river 
for two reasons. 1) The glacial drift is thick and 2) numerous high speed 
refractors which can be confused with a Kinderhook series refractor occur 
within the Osage-Meramec series. On the east side of the river where 
Kinderhook series structural data are continuous and reliable, the glacial 
drift and the Osage-Meramec series are thin. 
Figure 24a. Time-distance graphs, east side of Skunk River 
Figure 24b. Time-distance graphs, west side of Skunk River 
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Calculated Depths to High Speed Marker Beds and Well Control 
Calculated elevations of high speed marker horizons are compared 
with well data on file at the Iowa Geological Survey. Tabulations appear 
in the Appendix. Calculated elevations with a confidence interval less 
than - 30 feet consistently fall below the elevation of the top of the 
Gilmore City formation. The range of error is 3 feet to 56 feet and the 
average error is 30 feet. These results suggest that either the refracting 
horizon is below the top of the Gilmore City formation or that the 
measured velocity of the third layer of the simplified seismic model is too 
high. The acoustic velocity log of the Redfield well (Figure 13) suggests 
that the latter possibility is more likely. There is a sharp rise in 
velocity immediately below the contact between the Gilmore City formation 
and the overlying Osage-Meramec series. 
Geologic Structure in the Kinderhook Series 
Figure 2 5 is a structure contour map of an horizon 30 feet below the 
top of the Gilmore City formation. Posted elevations are seismic control 
points whose confidence intervals are less than - 30*. Most of the usable 
data are confined to an area east of the Skunk River where glacial drift 
is thin. 
The geologic structure that is depicted in Figure 25 is a horst with 
a central arch. The location of a fault plane is assumed to correspond 
with the location of an abrupt change in the thickness of glacial drift 
and the downthrown side of the fault is in the direction of increasing 
gli liai drift thickness. Nearly all the reliable calculated Kinderhook 
Figure 25. Structure contour map, 30 feet below the top of the Gilmore City formation 
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elevations lie within the horst but there are a few reliable data points 
that lie outside the horst to the east and west. The latter data confirm 
that the Kinderhook series is structurally low beyond the boundaries of 
the proposed horst and that the vertical displacement is on the order of 
100' . The broad anticline that lies within the horst plunges toward the 
southwest. Plunge to the southwest is expected because the regional dip is 
toward the southwest into the Forest City basin of eastern Kansas (Hershey et al. 
I960), Localized closure may exist in the southern part of the Ames-Roland 
area where the plunge is in the opposite direction of regional dip. 
Northern Natural Gas Company's gravity maps compare favorably with 
the structure contour map as shown by Figure 26 which is a bouguer gravity 
map of Howard Township. The most prominent feature of this map is the 
abrupt change in gradient of the gravitational field as shown by the spacing 
of contour lines that strike toward the northeast. The position of this 
anomaly coincides with the westernmost fault. Figure 27 is an 11th degree 
residual gravity map that shows a series of roughly parallel anomalies that 
strike toward the northeast. While the match between the two maps is not 
perfect, the distances between successive gravity maxima are approximately 
equal to the distances between the crest of the anticline and the faults 
on either side of it. 
Perfect correspondence between gravimeter data and the structure con­
tour map of the Gilmore City formation does not occur for two reasons. 1) 
The structure contour map is solely an interpretation of shallow geologic 
structure whereas the gravitational field depends on deep seated and shallow 
structures as well as the thickness of glacial drift. 2) The structure 
Figure 2 6. Bouguer gravity map of Howard Township 
! 
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Figure 27. 11th degree residual gravity map of Howard Township 
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contour map is based on fewer data than the gravimeter maps. Where, c: the 
gravimeter data were collected on a grid system with control points every 
1000' the seismic control points were spaced at 2640' intervals and only 
on east-west lines . 
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SUMMARY 
Conclusions 
The seismic refraction method can be used successfully as a subsurface 
tool in Iowa and its usefulness is greatly enhanced by the application of 
statistical methods to data processing. 
Statistical treatment of shallow seismic refraction data is a power­
ful tool which establishes confidence intervals for the calculated results 
and indicates where additional data are required to improve the relia­
bility. Furthermore, statistics may suggest the possibility of two equally 
likely interpretations of a single time-distance graph. 
Statistics cannot, however, provide a complete assessment of the re­
liability of seismic refraction data. Blind zones exist as a general 
rule and their influence on the outcome of a particular result is diffi­
cult to assess. Nevertheless a crude estimate can be made of the maximum 
error due to a blind zone. Also statistical treatment of seismic data does 
not take into consideration the effects of a sloping or irregular refracting 
surface. 
Generally the use of formulae for calculating the dip of a sloping 
refracting horizon is not justified in the Ames-Roland area. Theoretically 
it is possible to calculate the dip from the measured apparent velocities in 
the up dip and down dip directions. However, the statistical confidence 
interval is usually of greater magnitude than the difference between measured 
velocities. From a statistical point of view there is no reason to believe 
that the refracting horizon dips in one direction or the other. 
I l l  
The shortcomings of the simplified seismic model are relatively un­
important except in regard to blind zones. As a general rule statistical 
uncertainty in the measured speeds of various refracting horizons is the 
greater source of error. 
As a method for mapping the bedrock surface in the Ames-Roland area 
the statistical treatment of seismic refraction data was a qualified suc­
cess. The bedrock valleys were successfully located. On the other hand 
actual bedrock elevations are believed to be shallower than the upper limit 
of the calculated confidence interval in the majority of cases. Consider­
ation of blind zones was moderately successful in reducing the margin 
of error between actual and calculated bedrock elevations but it also intro­
duced a new element of uncertainty that could not be handled statistically. 
Where special conditions prevailed, the seismic refraction technique 
was used successfully to map shallow geologic structure. East of the Skunk 
River glacial drift was thin and the high speed Gilmore City horizon was 
near the surface. Such conditions were ideal for determining Gilmore City 
formation elevations with narrow confidence intervals. 
Where it is applicable the seismic refraction technique is economically 
or scientifically superior to other methods of obtaining structural in­
formation. Existing well control and geologic exposures in the Ames-Roland 
area were inadequate. An expensive drilling program would be required to 
provide the quantity of information given by seismic data. Gravimeter 
surveys are economically competitive with seismic refraction surveys. On 
the other hand seismic data provide a unique geologic interpretation whose 
reliability can be estimated whereas the interpretation of gravity data is 
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often ambiguous and unreliable. 
Recommendations 
The hypothesis that blind zones are generally present should be tested 
statistically. This can be accomplished by recording a number of refrac­
tion profiles at the precise locations where bore hole data are available. 
Each bore hole should extend at least 50' beneath the top of the Kinderhook 
series and an acoustic log should be recorded throughout its length. 
If the blind zone hypothesis proves to be true, a rational approach to 
the solution of the blind zone problem should be investigated. Soske (1959) 
and others have suggested that deep shot holes be used but objections to 
this proposal are based on economic considerations. Perhaps probability 
theory can be applied to the blind zone problem in some way. 
The air wave hypothesis can be tested easily. A blasting cap can be 
detonated in air and the resulting data can be compared with data from a 
buried shot. 
Reliability of time-distance data might be improved by burying the 
geophones below the water table. The underlying principle is that acoustic 
properties are more variable in unsaturated soil. Also, buried geophones 
do not record wind noise. Two side by side spreads of 12 geophones can be 
recorded simultaneously with a conventional 24 channel seismic recorder in 
order to compare results from buried and surface geophone spreads. If the 
confidence intervals in the measured bedrock velocities differ in a consis­
tent manner, the method that consistently produces the lowest confidence 
interval is proved to be superior. 
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Seismic and gravity data in the Roland area can be compared more 
favorably by using a grid system for collecting seismic data. Half mile 
spreads should be recorded at quarter mile intervals in a manner similar 
to commercial "roll along" techniques. Quarter mile cables with jumpers 
and a 24 channel recorder would be ideal equipment for this type of survey. 
Finally, bore hole tests should be taken along the site of the buried 
valley at the eastern boundary of the Ames-Roland area. It is hoped the 
tests will confirm the existence of both the valley and a fault. These 
bore holes could also be utilized to test the blind zone hypothesis 
simultaneously. 
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APPENDIX 
Olivetti Underwood Computer Programs 
Linear regression programs and sample calculations 
Figures 28a, 28b, and 28c are linear regression and confidence interval 
instructions placed on magnetic tape program cards. When these cards are 
run through the computer they automatically place instructions in the com­
puter's memory. Time-distance data are placed in the computer along with 
the Student's "t" factor. Then the velocity and time intercept and their 
respective 90% confidence intervals are computed automatically. Figure 29 
is a sample linear regression computation for time-distance input data. 
Seismic refraction multilayer depth program and sample calculations 
Figures 30a and 30b are program card instructions for multilayer 
depth calculations. Figure 31 is a sample multilayer depth calculation. 
The output data (velocity and time-intercept data) from the linear re­
gression computations are the input data for the depth computations. 
Comparison of Calculated Bedrock Elevations with Bore Hole Data 
Table 7 compares calculated bedrock surface elevations with bore hole 
data. The last five comparisons in the table are from U.S. Army Corps of 
Engineers bore holes that were drilled after the seismic interpretation was 
completed. All other bore hole data were taken from the files of the Iowa 
Geological Survey. 
Figure 28. Olivetti Underwood linear regression program 
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Figure 30. Olivetti Underwood computer program for four layer 
seismic refraction depth calculations 
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Figure 31. Sample linear regression calculations for a shot point 
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Figure 32. Sample depth and confidence interval calculations for a shot point. (Input 
linear regression data from Figure 31) 
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Table 7. Comparison of calculated bedrock surface elevations with bore hole data 
Location of shot point Bedrock surface elevation 
Bore hole Calculated 
Depth to bed­
rock surface 
Calculated 
Maximum ele­
vation of 
blind zone 
Velocity 
SW Cor Sec 13, T84, R2U 
(Well 1/2 mile south) 
1/4 mile E of SW Cor 
Sec 18, T84, R23 
(Well 1/4 mile south) 
SW Cor Sec 15, T84, R23 
(Well 400' west) 
1/4 mile W of SW Cor 
Sec 11, T84, R24 
(Well 500' S) 
1/4 mile W of SW Cor 
Sec 12, T84, R24 
(Well 500' N) 
1/2 mile E of SW Cor 
Sec 2, T84, R24 
(Well 500'W) 
1/2 mile E of SW Cor 
Sec 2, T84, R24 
(Well 500' W) 
1/4 mile W of SW Cor 
Sec 1, T84, R24 
(Well 1/8 mile N) 
945' 
948' 
938' 
883' 
859' 
900' 
900' 
880' 
916'± 5' 
909'±17' 
912'+19' 
854'+ 4' 
836'+ 7' 
889'+12' 
847'+ 8' 
902'+11' 
8 1 '  
1?1' 
79' 
121' 
158' 
1 1 6 '  
157' 
113' 
925' 
934' 
872' 
857' 
904' 
903' 
913' 
ll,800'/si400'/s 
15,400'/s+400'/s 
9,300'/s+400'/s 
ll,600'/s+200'/s 
l4,100'/s+800'/s 
10,500'/s+600*/s 
13,200'/s±300'/s 
10,600'/s+400'/s 
Table 7. (Continued) 
Location of shot point Bedrock surface elevation 
Bore hole Calculated 
1/4 mile W of SW Cor 880' 880'+10' 
Sec 1, T84 R24 
(Well 1/8 mile N) 
1/4 mile E of SW Cor Sec 5, 975' 981$ 4' 
T84, R23 (Well 1/8 mile W 
and 1/4 mile N) 
1/4 mile W of SW Cor Sec 31, 880' 930'i 5' 
T85, R23 (Well 200' W and 
300' S) 
3/8 mile E of SW Cor Sec 31, 825' 819'+ 7' 
T85, R23 (Well 1/8 mile W 
and 1/4 mile S) 
SW Cor Sec 30, T85, R23 860 841'+ 8' 
(Well 1/4 mile E) 
1/2 mile E of SW Cor 860' 837'+15' 
Sec 30, T85, R23 
(Well 1/4 mile W) 
1/4 mile S of SW Cor 888' 876'+12' 
Sec 20, T85, R23 
(Well 500' S) 
NW Cor Sec 17, T84, R24 750' 7638'±17" 
(Well 500' W) 
Depth to bed- Maximum ele- Velocity 
rock surface vation of 
Calculated blind zone 
135' 908' 13,000'/s+600'/s 
28' —- 10,500'/s+300'/s 
20' --- 10,800'/s+500'/s 
133' 832' 17,100'/s+900'/s 
127' 862' ll,400'/s+400'/s 
138' 876' 13,900'/s+900'/s 
117' 905' 13,700'/s+600'/s 
201' 789' 13,800'/s+700'/s 
Table 7. (Continued) 
Location of shot point Bedrock surface elevation Depth to bed- Maximum ele- Velocity 
Bore hole Calculated rock surface vation of 
Calculated blind zone 
1/2 mile S of SW cor NW 1/4, 790' 772'±13' 198' 788" 16,600'/s+600'/s 
NW 1/4, Sec 21 T84, R24 
(Well 1/4 mile N) 
1/4 mile S of NE Cor NW 1/4, 809' 803'+ 8' 187' 832' 16,400'/s±800'/s 
NE 1/4, Sec 14 T84, R24 
(Bore hole test 400' S) 
1/4 mile S of NE Cor NW 1/4, 809' 803'±19' 187' 831' 16,500'/s±2300'/s 
NE 1/4, Sec 14, T84, R24 
(Bore hole test 400' S) 
1/4 mile S and 1/2 mile W of 798' 819'+ 8' 91' 835' ll,700'/s+1100'/s 
SE Cor Sec 15, T84, R24 
(Bore hole test 300' K) 
1/4 mile S and 1/4 mile W 834' 822'+13' 88' 836' 13,300'/s+800'/s 
of SE Cor Sec 15, T84, R24 
(Bore hole test at shot point) 
1/4 mile N of SE Cor 817' 803'+ 9' 157' 820' 14,500'/s+700'/s 
Sec 15, T84, R24 
(Bore hole test 300' N) 
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Comparison of Calculated Elevations of High Speed 
Marker Beds with Bore Hole Data 
Table 8 compares calculated elevations of high speed marker beds with 
bore hole data. All the bore hole data were taken from the files of the 
Iowa Geological Survey. 
Table 8. Comparison of calculated elevations of high speed marker beds 
with bore hole data 
Location of shot point Elevation of 
marker bed 
Bore hole* Calculated 
Velocity for 
marker bed 
1/2 mile E of SW Cor 777 741'+25' 
Sec 14, T84, R24 (Well 
3/8 mile W and 500' S)b 
1/2 mile S of SW cor 805' 766'±26' 
Sec 13, T84, R24 
(Well 1/2 mile S) 
SW cor Sec 18, T84, 830' 789'±26' 
R23. (Well 1000' W) 
1/2 mile E of SW cor 895' 847'+26* 
Sec 18, T84, R23. 
(Well 1/4 mile W) 
1/4 mile E of SW cor 648' 634'±29* 
Sec 16, T84, R23. 
(Well 3/4 mile E) 
1/4 mile W of SW cor 859' 836'+7' 
Sec 12, T84, R24 (Keokuk) 
(well 500' N)b 801' 
(Burlington) 
759' 751'±80' 
(Gilmore City) 
15,600'/s+500'/s 
16,900'/s±700'/s 
16,400'/s±300'/s 
16,200'/s±600'/s 
15,700'/s±6Q0'/s 
14,100'/s±800'/s 
16,300'/s±9,000'/s 
Top of Gilmore City formation unless otherwise indicated. 
Location west of Skunk River. 
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Table 8. (Continued) 
Location of shot point Elevation of Velocity for 
marker bed marker bed 
Bore hole^ Calculated 
1/4 mile E of SW cor 
Sec 5, T84, R24. 
(Well 1/4 mile W and 
1/4 mile N) 
1/4 mile E of SW cor 
sec 29, T85, R23. 
(Well 3/4 mile S of 
shot point on same 
side of fault plane) 
850' 822+14' 16,900'/s±300'/s 
780' 777'±13' 16,300'/s±300'/s 
780' 865'±13' 16,700'/s+300'/s SW cor Sec 23, T84, R23. 
(Well 3/4 mile W and 1/4 
mile N on downthrown 
side of fault plane) 
SW cor Sec 8, T84, R24 742' 
(Well 500' NW)b (Keokuk) 
(Bedrock surface) 
660' 
(Gilmore City) 
1/2 mile E of SW cor 
Sec 23, T85, R23. 
(Well 1 and 1/4 mile N) 
746+16' 14,900'/s+300'/s 
557'+60' 16,900Vs+400'/s 
17,300Vs+500'/s 874' 869'+29' 
